This research seeks to test the hypothesis that natural gamma radiation (NGR) from Ocean Drilling Program Site 1094, which displays variability over the last glacialinterglacial cycle similar to dust in the Vostok ice core, reflects fine-grained terrigenous sediment delivered by eolian processes. Grain size was measured on 400 samples spanning 0-20 m in a composite core. Accumulation of the <63µ size fraction at Site 1094 and dust in Vostok exhibit a negative correlation, suggesting the fine sediments are not dominantly eolian. However the technique used for grain size measurements cannot distinguish between terrigenous and biogenous materials; therefore it is possible much fine-grained material is diatoms. An inverse correlation between fine sediments and NGR supports this interpretation, and implies terrigenous materials were at times diluted by microfossils from high biological productivity. Fine marine sediments correlate positively with temperature and negatively with marine aerosol Na+ in Vostok. One plausible explanation is extensive sea-ice of cold intervals steepened ocean-continent temperature gradients, intensified winds, and led to increased transport of dust and marine aerosol to Antarctica yet also reduced biological productivity at Site 1094. Such a reduction despite increases in NGR, potentially representing Fe-rich dust influx, would require light limitation or stratification associated with sea-ice.
INTRODUCTION
The Southern Ocean is a high-nutrient, low-chlorophyll region within which primary production is paradoxically low despite high availability of the macronutrients nitrate and phosphate delivered by upwelling within the region. Holm-Hansen and Huntley (1984) reported nutrient levels available could potentially support very high levels of production, yet measured production levels were reported by ElSayed (2005) to be typical of oligotrophic waters. The seeming paradox has been explained by limited availability of the micronutrient iron (deBaar et al., 1999) . Strong support for this has been provided by artificial input of iron in modern field experiments that have led to dramatic increases in biological productivity by marine plankton such as diatoms (deBaar et al., 1990; Duce and Tindale, 1991; Boyd et al., 1999) .
The "iron hypothesis" was described by Martin (1990) who argued that in the Southern Ocean enhanced delivery of iron during glacial periods stimulated diatom production and thereby contributed to drawdown of atmospheric carbon dioxide and attendant climatic cooling. Eolian delivery of the clayand silt-sized particles comprising dust results in delivery of iron (Shen et al, 2006) . If the eolian however, that both oceanographic boundaries have moved equatorward during glacial periods (Zwally et al., 1983; Gloerson et al., 1993) . Thus Site 1094 was situated in colder waters and beneath a cover of sea-ice at times in the past (Gersonde et al., 2005; Flores and Sierro, 2007; Kemp et al., 2010) .
Four holes were drilled and sediment cores collected from the site during Ocean Drilling Program Leg 177 in winter 1999 and from them a composite stratigraphic section generated using the physical properties records (Shipboard Scientific Party, 1999 ). An age model was generated for the composite stratigraphic section by correlating the oxygen isotopic record from the marine sediments to the SPECMAP oxygen isotope stratigraphy (Martinson et al., 1987) . NGR and sediment bulk density were also generated aboard the ODP drillship JOIDES Resolution during Leg 177. These methods have been described in greater detail elsewhere (Shipboard Scientific Party, 1999) .
For grain size analysis, four hundred samples were selected every 5-cm from 0-20 meters below the seafloor. Approximately 0.25 g of each sample was suspended in approximately 20 mL deionized water and sodium hexametaphosphate and sonicated for 5 minutes to deflocculate clay particles (Schofield and Samson, 1954; Stanley and Jorstad, 2004 ). Grain size analysis was then conducted on each using a Malvern laser diffraction system equipped with a sample-introduction vessel that enabled stirring and sonication to keep the sediment suspended and deflocculated throughout the analysis (Warner and Domack, 2002; Hemer et al., 2007) . Using the age model and bulk density determined during the research cruise, the relative percent abundance of each grain size was then converted to mass accumulation rate. 
RESULTS
As a percentage of total sediment, clay comprises 3.4% on average throughout the length of the core; silt 56.2%; and sand 35.3%. Relative percent clay ranges from 0.8-5.8%, and silt ranges from 14-80% (Figure 2a ). Relative percent of each clay and silt are low during marine isotopic stages (MIS) 4 and 2, stadials or cold intervals that occur within the last glacial period as defined on the basis of the SPECMAP oxygen isotope stratigraphy (Martinson et al., 1987) . The minimum value of each occurs at 31,000 years ago in MIS 2. Values are higher during MIS 3 and 1, the warmer interstadial that punctuates the glacial period and the Holocene interglacial period, respectively. The maximum value of clay occurs at 12,500 years ago and silt occurs at 4,200 years ago in the Holocene. However the magnitude of relative percent values of both clay and silt during MIS 3 are as high or nearly so as the maximum values observed for the Holocene. The variability in the parameters parallels one another closely, but the relative percent silt exhibits values an order of magnitude larger than those of clay.
Expressed as an accumulation rate, clay is low during MIS 4 and 2 (Figure 2b ). Values during the earlier of the stadials, MIS 4, range from approximately 7 to 34 g/cm 2 /kyr. MIS 2 is marked by the minimum clay accumulation value seen within the record, with a value of 5.5 g/cm 2 /kyr at 32,000 years ago. The maximum value attained within MIS 2, 78 g/cm 2 /kyr, occurs soon thereafter at 28,000 years ago. The interstadial exhibits somewhat higher values of clay accumulation than the adjacent stadials, The highest values of clay accumulation occur in the Holocene. From 20 g/cm 2 /kyr at the end of MIS 2, clay accumulation exhibits a 10-fold increase to greater than 200 g/cm 2 /kyr. The rate of increase is exceptionally fast in comparison to the rest of the record, taking (within chronological limitations) perhaps as little as 500 years from 14,900-14,400 years ago. The maximum value of clay accumulation of 520 g/cm 2 /kyr is reached at 4,600 years ago, and clay accumulation exhibits a general trend toward lower values thereafter.
The record of silt accumulation largely parallels that of clay. However, as seen with the relative percents, values are an order of magnitude greater (Figure 2b ). The minimum value is 110 g/cm 2 /kyr and occurs at 65,000 years ago in MIS 4. Silt accumulation also exhibits fluctuations on millennial timescales throughout MIS 2-4. The maximum value is 8,800 g/cm 2 /kyr which, like the maximum clay accumulation value, occurs in the Holocene at 4,600 years ago.
Because relative percents are a closed sum, the pattern of relative percent sand values are opposite those of the clay and silt ( Figure 3 ). Relative percent sand ranges from a maximum of nearly 70% at 66,000 years ago in MIS 4 to a minimum of less than 1% at 9,400 years ago in the Holocene. Millennial-scale fluctuations are superimposed upon a general long-term trend toward lower values upcore. Expressed as an accumulation, however, sand largely parallels clay and silt. The minimum value is 100 g/cm 2 /kyr at approximately 60,000 years ago in MIS 4, and the maximum is 3,900 g/cm 2 /kyr at 8,200 years ago in the Holocene. 
DISCUSSION
The close parallel between the records of clay and silt, expressed both as relative percent (R = 0.83, P < 0.001) and accumulation rate (R = 0.96, P < 0.001), suggests the existence of a common control on their concentration in the sediments at Site 1094 (Table 1) . The reduced accumulation rate of clay and silt during the glacial period in comparison to the Holocene as well as during the stadials MIS 2 and 4 in comparison to the interstadial MIS 3 suggests the control on the process(es) that govern concentration of fine-grained sediment at the core site is at least in part temperature (Diekmann et al., 2000; Latimer and Filippelli, 2007; Land et al., 2010) . Figure 4 shows that a strong correlation (R = 0.86, P < 0.0001) exists between accumulation of total fine-grained (clay plus silt) sediments and temperature inferred from stable isotopic ratios in the Vostok ice core in eastern Antarctica, lending support to this interpretation (Petit et al, 1999) . The correlation is similarly strong when clay or silt is each individually compared to temperature. The relative percent data for clay does not exhibit a statistically significant relationship with Vostok temperature. However the relative percentages of each silt and sand do; silt exhibits a positive correlation (R = 0.33, P < 0.0001) and sand a negative correlation (R = −0.33, P < 0.0001). Thus, increases in silt at times of high temperature were consistently at the expense of sand. This is confirmed by an almost perfect inverse correlation between the relative percent silt and sand (R = 0.99, P < 0.0001).
Times of cold temperatures recorded in the ice core were characterized by expansion of sea-ice as well as increased survivorship of icebergs in the South Atlantic (Venkatesh and El-Tahan, 1988; KunzPirrung et al., 2002; Kemp et al., 2010) . The cold temperatures have the ability to cause such increases directly. Also, recent research has shown that increased icebergs lead to increased sea-ice coverage by serving as sinks of latent heat as they melt (Jongma et al., 2009 ). Icebergs and sea-ice each have the potential to increase delivery of fine-as well as coarse-grained sediment to Site 1094 by the process of ice-rafting (Kanfoush et al., 2000 (Kanfoush et al., , 2002 . However, the fact that accumulation of clay and silt are highest during the interstadial and interglacial argues against ice-rafting as the primary delivery mechanism of the fine-grained sediments. It is conceivable that ice-rafting of sediments > 63µ, sand and gravel, during the stadials could have resulted in dilution of the fines at these times (Diekmann and Kuhn, 1999 ). Yet, contradicting this possibility, the accumulation rate of sand is also highest during the interstadial and interglacial. These patterns are consistent with evidence suggesting that Site 1094 was situated beneath perennial sea-ice cover during much of the last glacial period and so essentially "capped" from receiving sediments (Zwally et al., 1983; Gloerson et al., 1993; Gersonde et al., 2005; Flores and Sierro, 2007; Kemp et al., 2010) . It is possible that more ice-rafted sediment was able to reach the site at somewhat warmer times when the sea-ice margin lay to the south of the site and icebergs could more frequently melt at the site (Kanfoush et al., 2000 (Kanfoush et al., , 2002 . For data shown in bold, P < 0.0001. For data marked with an asterisk (*), 0.0001 < P < 0.05.
Cold time periods were also likely times of more vigorous atmospheric circulation (Petit et al., 1981; Werner et al., 2002; McGee et al., 2010) . The concentration of dust in the Vostok ice core is high during the glacial period, particularly MIS 4 and low during the interstadial and the Holocene (Petit et al., 1999) . Dust particles comprise solid particles of clay and silt size, thus it is not unreasonable to suspect that the enhanced wind strength that lead to increased delivery of such particles to the Antarctic continent would similarly deliver increased amounts of similarly-sized particles to the adjacent ocean during the same intervals. Yet negative correlations with Antarctic dust are exhibited by accumulations of clay (R = −0.36, P = 0.00042) and silt (R = −0.36, P = 0.00040) at Site 1094, challenging the possibility that fine-grained sediments at Site 1094 are dominantly terrigenous materials delivered to the site by wind ( Figure 5 ). Figure 6 shows that accumulation of clay and silt are also, however, each inversely correlated with sodium ions in Vostok (R = −0.61, P < 0.001 and R = − 0.63, P < 0.001, respectively). This marine aerosol is at high concentrations in the ice core during glacial periods and stadials and low concentrations during interglacial periods and interstadials (Petit et al., 1999) . Atmospheric circulation in the South Atlantic region is forced by the temperature gradient between the South Atlantic and the Antarctic continent. The time of year when sea ice is at its maximum extent, the austral summer, marks the time of most vigorous circulation and enhanced transportation of marine aerosols such as sodium to the Antarctic continent (Streten and Pike, 1980; Petit et al., 1999) . By analogy, the high concentrations during glacial periods may represent extensive sea-ice coverage and windy conditions. If true, then an inverse correlation between fine-grained sediments in the southeast Atlantic and dust in F Fi ig gu ur re e 6 6. . Accumulation rate of each clay (bottom solid line) and silt (middle dashed line) at Site 1094 relative to concentration of marine aerosol Na + (top bold line) in the Vostok ice core over the past 100,000 years Antarctic ice would be expected unless materials other than terrigenous components comprise the clay and silt size fractions of the sediment at Site 1094. Samples were analyzed by laser diffraction. In contrast to other rapid instrumental particle size measurement technology, such as x-ray absorption, this technology measures all particles regardless of whether they are crystalline or amorphous (Molinaroli et al., 2000) . Consequently, without a series of chemical pre-treatments to sequentially remove each amorphous silica and calcareous tests of plankton, the technique used for grain size measurements cannot distinguish between terrigenous and biogenous materials. Therefore it is possible much fine-grained material in the composite sediment core at Site 1094 analyzed is diatoms as well as lesser amounts of radiolarian, foraminifera, and coccolithophores (Shipboard Scientific Party, 1999; Gersonde et al., 2003) . Negative correlations of each clay and silt accumulation with NGR exist (R = − 0.41, P < 0.0001 and R = −0.43, P < 0.0001, respectively) and imply terrigenous materials were at times diluted by fine-grained biogenic sediments (Figure 7) . A weak positive correlation between sand and NGR may reflect less dilution by the rarer radiolarian and foraminifera (Figure 8 ).
Charles and others (1991) reported high accumulation of biogenic opal in the Atlantic and Indian sectors of the Southern Ocean during glacial periods and low opal accumulation during interglacial periods, and they attributed the variability to latitudinal migration of the sea-ice margin. Although phytoplankton biomass today is generally low in the regions far offshore Antarctica, in the high nutrient low chlorophyll regions described earlier, extremely large blooms have been observed within the marginal ice zone Nelson, 1985, 1990; Cota et al., 1992) . This is particularly true of areas with a shallow mixed layer due to the presence of pronounced stratification and a shallow halocline resulting from sea-ice formation and/or melting (Mitchell and Holm-Hansen, 1991; Katsuki and Takahashi, 2005) . The proximity of the blooms to the ice margin suggests light availability also plays a critical role (Boyd et al., 1995) .
Although high in portions of the Atlantic and Indian sectors of the Southern Ocean during glacial periods, it is likely biogenic silica accumulation was not uniformly high throughout the entirety of these F Fi ig gu ur re e 8 8. . Accumulation rate of each total sand (>63µ; bottom solid line) and coarser sand (>150µ; middle dashed line) accumulation relative to NGR (top bold line) at Site 1094 over the past 100,000 years ocean sectors. Times when the frontal boundaries and sea-ice margin were migrating over Site 1094, transitions into and out of glacial periods and stadials, were characterized by very high productivity as evidenced in many depth intervals within the composite stratigraphic of laminated mats as much as 20m thick comprised of the needle-shaped diatom Thalassiothrix (Grogorov et al., 2002; Kemp et al., 2006 Kemp et al., , 2010 . In contrast, equatorward migration of the sea-ice margin in the glacial periods caused Site 1094 to be situated not near the high-productivity ice-marginal zone but beneath perennial sea-ice (Zwally et al., 1983; Gloerson et al., 1993; Gersonde et al., 2005; Flores and Sierro, 2007; Kemp et al., 2010) . This would have led at these times to light limitation as well strong salinity-and thermalstratification which would have reduced or precluded vertical mixing and upwelling of nutrients (Mitchell and Holm-Hansen, 1991; Boyd et al., 1995; Katsuki and Takahashi, 2005) . As a result, times of extensive sea-ice coverage within the last glacial period were marked by low biological productivity at Site 1094 (Shipboard Scientific Party, 1999) . Extensive sea-ice coverage of cold intervals would have also steepened ocean-continent temperature gradients and intensified winds (Petit et al., 1999; Divine et al., 2010) . The inverse relationship of the accumulation rates of clay and silt at Site 1094 with Antarctic dust argues against an interpretation of increased dust flux to the site simultaneous with episodes of increased dust flux to Antarctic. However, as illustrated by the model presented in Figure 9 , if the sediments at Site 1094 include an appreciable amount of biogenous materials, then an increase in dust delivery to the site is possible even at times of reduced total fine-grained sediment. In this model, cold intervals were characterized by extensive sea-ice coverage and steepened ocean-continent temperature gradients which led to vigorous wind. The strengthened wind increased dust and Na + in the Vostok ice core and increased dust flux and thus NGR at Site 1094. Simultaneously, the expanded sea-ice coverage reduced clay-and silt-sized biogenic components at the South Atlantic site. Conversely, warm intervals were characterized by reduced sea-ice coverage and weakened ocean-continent temperature gradients which led to less vigorous wind. The weakened wind decreased dust and Na + in the Vostok ice core and decreased dust flux and thus NGR at Site 1094. Simultaneously, the reduced sea-ice coverage increased clay-and silt-sized biogenic components. The positive correlation between NGR and Vostok dust and the negative correlation between fine sediments and Vostok Na + supports the argument that the NGR reflects the portion of fine-grained sediments at Site 1094 that is terrigenous. Furthermore, the positive correlation between NGR and Vostok dust lends support to the interpretation that dust flux to southeast Atlantic Site 1094 increased during the glacial period.
CONCLUSIONS
Much of the fine-grained sediment at Site 1094 is likely diatoms whose abundance is controlled by seaice coverage. Although NGR does not reflect total fine-grained sediment accumulation at the site, it does appear to reflect the portion of the total fine sediment fraction that is terrigenous. Sea-ice coverage controls the latitudinal temperature gradient and thus the wind strength in the South Atlantic region and, consequently, dust accumulation in Antarctic ice and the South Atlantic Ocean. Despite the fact that fine-grained sediment at Site 1094 is not dominantly eolian in origin, sea-ice and wind strength appear to serve as a common control on the NGR signal and the amount of fine-grained material in the marine sediments as well as the amount of dust and marine aerosol Na + in the ice core, and so grain size at the site can provide information about sea-ice coverage and wind strength and can be used to perform marine core-ice core correlations in order to better understand the coupled ocean-atmosphere system. F Fi ig gu ur re e 9 9. . (a) A model of cold intervals characterized by extensive sea-ice coverage, steepened ocean-continent temperature gradients, and vigorous wind that increased dust and Na + in the Vostok ice core and reduced clay and silt (interpreted as reduced biogenic components) but increased NGR (interpreted as increased dust flux) at Site 1094. (b) A model of warm intervals characterized by reduced sea-ice coverage, weakened oceancontinent temperature gradients, and less vigorous wind that decreased dust and Na + in the Vostok ice core and increased clay and silt (interpreted as increased biogenic components) but decreased NGR (interpreted as reduced dust flux) at Site 1094
